Abstract: The phylogeny of Cetacea (whales, dolphins, porpoises) has long attracted the interests of biologists and has been investigated by many researchers based on different datasets. However, some phylogenetic relationships within Cetacea still remain controversial. In this study, Bayesian analyses were performed to infer the phylogeny of 25 representative species within Cetacea based on their mitochondrial genomes for the first time. The analyses recovered the clades resolved by the previous studies and strongly supported most of the current cetacean classifications, such as the monophyly of Odontoceti (toothed whales) and Mysticeti (baleen whales). The analyses provided a reliable and comprehensive phylogeny of Cetacea which can provide a foundation for further exploration of cetacean ecology, conservation and biology. The results also showed that: (i) the mitochondrial genomes were very informative for inferring phylogeny of Cetacea; and (ii) the Bayesian analyses outperformed other phylogenetic methods on inferring mitochondrial genome-based phylogeny of Cetacea.
Introduction
Cetaceans (whales, dolphins, porpoises) are large mammals that are widely distributed on Earth. They are important species in the ecosystem. Many of them were commercially harvested for long time, making the classification of cetaceans based on their morphology characteristics possible. Some of them, such as Yangtze River dolphin, are endangered species. The cetacean phylogeny is important for understanding the cetacean ecology and protecting endangered species. The order Cetacea includes two extant suborders: Odontoceti (toothed whales) and Mysticeti (baleen whales). Odontoceti is composed of four major groups: Physeteroidea (sperm whales), Ziphiidae (beaked whales), Delphinoidea and polyphyletic river dolphins, while Mysticeti divides into four groups: Eschrichtiidae (gray whales), Neobalaenidae (pygmy right whales), Balaenidae (right whales) and Balaenopteridae (rorquals and humpback whales). The phylogeny of cetaceans has long attracted the interests of evolutionary biologists and has been investigated by many researchers based on different datasets (e.g. morphology, nuclear and mitochondrial DNA, RNA and protein sequences) (Milinkovitch et al. 1993; Rosel et al. 1995; Montgelard et al. 1997; Messenger & McGuire 1998; Rychel et al. 2004; Yan et al. 2005; Nishida et al. 2007; Caballero et al. 2008) . Some of the issues have been resolved: there is a general agreement that Cetacea, the sister group of Hippoptamidae, is within Artiodactyla Montgelard et al. 1997; Nikaido et al. 1999; Lum et al. 2000; Thewissen et al. 2001) ; the monophyly and sister relationship of Odontoceti and Mysticeti were supported by morphological, nuclear and mitochondrial data (Messenger & McGuire 1998; O'Leary & Geisler 1999; Nikaido et al. 2001; Rychel et al. 2004; Yan et al. 2005; May-Collado & Agnarsson 2006; Nishida et al. 2007 ). It has been widely accepted that Balaenidae is the basal group of Mysticeti (Arnason et al. 1992; Milinkovitch et al. 1994; Arnason & Gullberg 1996; Rychel et al. 2004; Sasaki et al. 2005; May-Collado & Agnarsson 2006; Nishida et al. 2007) . However, some issues remain controversial: the relationships among the groups within Odontoceti and Mysticeti (Adegoke et al. 1993; Milinkovitch et al. 1993; Rosel et al. 1995; Arnason & Gullberg 1996; Waddell et al. 2000; Nikaido et al. 2001; Pichler et al. 2001) , and the relationships among several subgroups within Balaenopteridae (Arnason et al. 1992; Adegoke et al. 1993; Arnason & Gullberg 1994 Messenger & McGuire 1998) .
Mitochondrial (mt) genomes have become popu-
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X.-G. Yang lar in phylogenetic analysis since the mid 1990s for several reasons. The animal mt-genomes are relatively short and simple compared to the nuclear genomes, and they are easy to amplify and sequence; the animal mt-DNA has relatively fast evolutionary rate (Brown et al. 1979) and is free of recombination (Olivo et al. 1983) .
In some previous studies, only 12 mt-genomes were included in the phylogenetic analysis of Mysticeti (Sasaki et al. 2005) , or 16 mt-genomes in the order Cetacea (Arnason et al. 2004 ). The methods used in these studies were all standard statistical methods, such as neighborjoining (NJ), maximum parsimony (MP) and maximum likelihood (ML). In other previous studies, a large number of species were included and Bayesian analyses were performed, but only mt-Cytb (gene encoding mt-cytochrome b) or several other genes were employed (Rychel et al. 2004; May-Collado & Agnarsson 2006) . In this study, Bayesian analyses were performed to recover the phylogenetic relationship of 25 representative species within Cetacea based on their mt-genomes for the first time. Bayesian analysis has been widely used by researchers for inferring phylogeny (Huelsenbeck et al. 2001; Holder & Lewis 2003) . The method has clear computational advantages over standard statistical methods and can be used to explore a complex model space in reasonable time (Huelsenbeck et al. 2001; Holder & Lewis 2003) . The clades recovered in the previous studies, such as the monophyly and sister relationship of Odontoceti and Mysticeti, were investigated. The controversial relationships among these suborders were also investigated and discussed. NJ and MP analyses were performed in order to compare the results with those from Bayesian analyses. The reliability of the phylogeny was judged based on the recovery of the previously resolved and less controversial clades (Gatesy et al. 1996; Gatesy 1997; Ursing & Arnason 1998; Nikaido et al. 1999; Cassens et al. 2000; Nikaido et al. 2001; Rychel et al. 2004; Sasaki et al. 2005) . It was also judged by the bootstrap percentage (BP) for NJ and MP methods and the Bayesian posterior probabilities (PP) for Bayesian analyses (Suzuki et al. 2002; Erixon et al. 2003; Simmons et al. 2004 ).
Material and methods

Dataset
The mt-genomes of 25 cetacean species were downloaded from GenBank (Benson et al. 2008 ) at the Genomes website: http://www.ncbi.nlm.nih.gov/genomes/static/euk o. html. These species with completed mt-genomes are good representatives of the extant families within Cetacea. The mt-genomes of 7 non-cetacean species, including the hippopotamus, were employed as outgroups. Names and accession numbers of cetacean and non-cetacean species are listed in Table 1 and Table 2 , respectively.
Phylogenetic analyses
The phylogenetic analyses were performed at both nucleotide (nt) and amino acid (aa) levels. The 12 proteincoding genes on the same strand of mt-DNA were used. The NADH6 gene was excluded because the gene is on the opposite strand of mt-DNA and has different base composition than the other genes. The alignments of all these sequences were obtained using Clustal X (Thompson et al. 1997) and modified carefully by eye using GeneDoc (Nicholas et al. 1997) . All the positions with ambiguous alignment were excluded. The number of remaining codons of the 12 concatenated genes was 3589. NJ and MP analyses were performed using PHYLIP (Felsenstein 2005 ). The models of substitution for the amino acid and nucleotide sequences were mtREV24 and HKY85 (Hasegawa et al. 1985) , respectively. The shape parameter (α) for the discrete Γ distribution (six categories), the proportions of invariant sites and substitution rate parameters of the models were optimized based on the sequences. The bootstrapping was carried out with 500 replicates.
The Markov chain Monte Carlo (MCMC) Bayesian inference was performed using PHASE (Phylogenetics And Sequence Evolution; the documentation to the PHASE package available at http://www.bioinf.man.ac.uk/ resources/phase/) (Jow et al. 2002) . This package provided a number of substitution models for amino acid, nucleotide and RNA base pairs sequences. The model used for amino acid sequences was mtREV24. As to protein-encoding genes, each codon position was treated separately because the substitution rate varies among different codon positions. The substitution rate of the third position was five-fold higher than those of the first two positions, which was confirmed by an internal program in PHASE. The models were most general time-reversible four-state model (GTR4) (Yang 1994) for the first two codon positions and most general timereversible two-state model (GTR2) (Phillips & Penny 2003; Gibson et al. 2005) for the third position, respectively. In GTR2, A and G were lumped into a single state R (purine) and, similarly, C and T were also lumped into Y (pyrimidine). When GTR2 was used, only transversion was considered. The GTR2 model helped to reduce the noise induced by the much higher substitution rate in the third codon position due to the weaker selective pressure. It was implemented in PHASE recently (Gibson et al. 2005) . The discrete Γ distribution for the site heterogeneity (Yang 1994 ) was adopted and the six categories were used. The proportions of invariant sites were optimized during the analyses. The MCMC runs were launched with random starting trees. The burn-in period was 200,000 generations, and this was sufficient for the likelihood and the substitution model parameters to reach equilibrium. After the burn-in period, 10,000 trees were sampled in 2,000,000 generations with sampling period every 200 generations. For each experiment in this study, four independent MCMC runs were performed to ensure that the Bayesian analyses were not trapped in local optima. The Bayesian posterior probabilities (PP) for the nodes in the final consensus trees were averaged over four independent trees. Furthermore, it is well known that compensatory substitutions occur in the paired regions of RNA helices (Higgs 1998; Savill et al. 2001; Jow et al. 2002) . This means that the substitutions occurring on the one side of a pair are correlated with the substitutions on the other side (Higgs 1998; Savill et al. 2001; Jow et al. 2002) . Most phylogenetic programs assume that each site in a molecule evolves independently of the others and this assumption is not valid for RNA genes (Higgs 1998; Savill et al. 2001; Jow et al. 2002) . In this study, the secondary structure of mt-rRNA was considered not only in modifying the alignment, but in the construction of the phylogenetic relationship. The RNA6A model was used for the compensatory substitutions in the RNA helices in Bayesian analyses based on mtrRNA sequences. This model considered pairs of sites rather than only single sites and was implemented in the PHASE package recently. GTR4 model was used for loop regions in RNA molecules. The 12S and 16S mt-rRNA sequences were aligned and the alignments were modified by taking the secondary structure into account (Jow et al. 2002) . The number of remaining sites of 12S+16S mt-rRNA was 2434. Figure 1 shows the phylogeny reconstructed by the Bayesian analysis at the nt level using the GTR4 and GTR2 models for the first two and the third codon positions, respectively. The BP and PP values for the nodes in the tree obtained by the different methods and at different levels are all listed in Table 3 . As shown in Figure 1 , the Bayesian inference recovered the deep clades resolved in the previous studies based on other different datasets (i.e., Mysticeti, Odontoceti, Cetancodonta (Cetacea+Hippopotamidae) and (Tapiridae+Equidae)) (Messenger & McGuire 1998; Gatesy et al. 1999; Nikaido et al. 1999; Cassens et al. 2000; Arnason et al. 2004; Rychel et al. 2004; Yan et al. 2005; May-Collado & Agnarsson 2006; Nishida et al. 2007 ). These resolved clades were 1, 5, 6, 7 and 17 (shown in Figure 1 ), which were highlighted by a summing junction. The PP values were high (100%) for these clades compared to recent analyses using cytochrome b (Arnason et al. 2004; May-Collado & Agnarsson 2006) . The Bayesian analysis also recovered most of the clades supported by the previous studies (Gatesy 1997; Messenger & McGuire 1998; Gatesy et al. 1999; Cassens et al. 2000; Nikaido et al. 2001; Rychel et al. 2004; Sasaki et al. 2005; Yan et al. 2005; X.-G. Yang Fig. 1 . The cetacean phylogeny reconstructed by the Bayesian analysis at the nucleotide level using the 12 concatenated proteinencoding genes. The GTR4 and GTR2 models implemented in PHASE package were used for the first two condon positions and the third codon position, respectively. The horizontal length of each branch is proportional to the estimated number of nucleotide substitution. The clades solved by previous studies are indicated by summing junctions. The nodes with relatively low posterior probability are indicated by arrows. For bootstrap percentage and posterior probability support values, see Table 3 . Nodes are labeled to identify values in Table 3 . Major groups are labeled according to the recent literature.
Results and discussion
General results
that the mt-genomes were very informative for inferring the phylogeny of Cetacea, while they were very short (only 12 protein-coding genes used in this study) compared to nuclear genomes. Nishida et al. (2007) used 1.7-kbp fragment of the non-recombining Y chromosome to infer the cetacean phylogeny and recovered the major clades as this study did. The informativeness is possibly due to the absence of recombination, small effective population size and low homoplasy (Nishida et al. 2007 ). Although it could not resolve the relationship among clades with short branches, it may be combined with mt-DNA to provide better phylogenies.
The result of the Bayesian analysis at the aa level is shown in Figure 2 with the PP values for every node. The Bayesian analysis at aa level did not recover the monophyly of Odontoceti; the PP values for the nodes indicated by stars were relatively low (88% and 77%, respectively) and the branches on the nodes were very short. But it recovered most of clades as the nt level analysis did. This suggested that the aa level analysis still provided some useful information to help understand the cetacean phylogeny, even though some information was lost when only amino acids were considered instead of nucleotides.
The Bayesian analysis based on mt-rRNA sequences did not perform as well as expected, even though it still recovered many clades supported by the analyses based on nt and aa sequences (data not shown). The evolutionary mechanisms of 12S and 16S mt-rRNA sequences were correlated to the secondary structure of RNA helices and relatively higher evolutionary rate in loop regions. Even though the RNA6A model, which considered paired sites of RNA helices, was used in this study, obviously, the model was not sufficiently able to describe phylogeny of mt-rRNA sequences. The loop regions which had higher substitution rate might have caused noise. Further studies are needed to understand underlying mechanisms and to improve models for mt-rRNA phylogenies.
The NJ and MP analyses did not recover the monophyly of Odontoceti, neither did they recover many other clades supported by the previous studies (Messenger & McGuire 1998; Nikaido et al. 1999 Nikaido et al. , 2001 Cassens et al. 2000; Arnason et al. 2004; Rychel et al. 2004 ; Nishida et al. 2007) , while the Bayesian analyses at nt and aa levels recovered most of the clades supported by the previous studies, as shown in Figure 1 . In some clades recovered by NJ and MP methods, the support values were very low (<50%), as shown in Table 3 . Even considering that the PP values might overestimate supports for certain nodes (Suzuki et al. 2002; Erixon et al. 2003; Simmons et al. 2004 ), these results suggested that the Bayesian analyses at nt and aa levels outperformed the NJ and MP analyses on cetacean phylogeny based on mt-genomes in this study. The discussions will be focused on the Bayesian results at nt and aa levels in the following sections.
Cetancodonta (Cetacea + Hippopotamidae) As shown in Figures 1 and 2 , the hippopotamus is the closer relative of monophyletic cetacean species than are the cow and the sheep. The relationship has been resolved in the phylogenetic analysis of mtCytb gene (Arnason & Gullberg 1996) . It was subsequently supported and confirmed by the studies based on different datasets (Gatesy et al. 1996; Gatesy 1997; Ursing & Arnason 1998; Nikaido et al. 1999 Nikaido et al. , 2001 Cassens et al. 2000) . In this study, not only the Bayesian analyses at nt and aa levels supported the relationship with high PP values (100%), but did the NJ and MP methods with high BP values (>85%).
Mysticeti and Odontoceti
The previous studies about the relationship of Mysticeti and Odontoceti agreed on the monophyly of Mysticeti (Arnason et al. 2004; Rychel et al. 2004; Sasaki et al. 2005; Yan et al. 2005; May-Collado & Agnarsson 2006; Nishida et al. 2007) . But the position of the Mysticeti varied in different studies. The Bayesian analysis at aa level in this study put Mysticeti as sister to Odontoceti except the families Physeteridae and Kogiidae with relatively low PP values (88%). Some phylogenies based on mt data (Milinkovitch et al. 1993 (Milinkovitch et al. , 1994 Arnason & Gullberg 1994; Verma et al. 2004 ), such as mt-Cytb genes, placed Mysticeti as sister to different clades in Odontoceti, disrupting the monophyly of Odontoceti, which contradicted the studies based on the nuclear and morphological data (Messenger & McGuire 1998; Nikaido et al. 2001; Nishida et al. 2007 ). The Bayesian result at nt level in this study supported the monophyly of Mysticeti and Odontoceti and the sister relationship between these two groups with high PP values (100%). These results were strongly supported by the previous studies based on nuclear and morphological data (Messenger & McGuire 1998; Nikaido et al. 2001; Nishida et al. 2007 ) and several new studies based on mt data (Ar-X.-G. Yang Sasaki et al. 2005; Yan et al. 2005 ).
Physeteroidea and Ziphiidae
The Bayesian analyses at nt level supported the basal position of superfamily Physeteroidea, which was composed of the families Kogiidae and Physeteridae. This was consistent with the studies by Arnason et al. (2004) , Yan et al. (2005) , May-Collado et al. (2006) and Nishida et al. (2007) . Platanistidae includes Platanista gangetica minor (Indus River dolphin) and Platanista gangetica gangetica (Ganges River dolphin) (Rice 1998) . In this study, Indus River dolphin was used as the representative of Platanistidae. Ziphiidae was placed as a sister group to Indus River dolphin at nt (PP = 68%) and aa (PP = 94%) levels, which contradicted the studies by Arnason et al. (2004) and May-Collado et al. (2006) . Their studies put Ziphiidae as the second basal branch in Odontoceti, even though the support values were very low. Yan et al. (2005) put it with Platanistidae in the Bayesian analysis based on nt sequence data set with relatively high PP value (92%), but their result based on aa sequence agreed with the works of Arnason et al. (2004) and May-Collado et al. (2006) , even though the PP value was not very high. In other words, the placement of Ziphiidae as a sister group to Platanistidae was supported by the Bayesian analyses in this study at both nt and aa levels, but it may need more characters and molecular data which will provide supplementary information to support its placement within Odontoceti.
Delphinoidea and River dolphins
The Bayesian analyses at nt and aa levels produced the same phylogeny of Delphinoidea and river dolphins. The results strongly supported the monophyly of Delphinoidea and the relationship ((Phocoenidae + Monodontidae) + Delphinidae), with the PP values 100%. Waddell et al. (2000) , Nishida et al. (2007) and MayCollado et al. (2006) got the same phylogeny based on nuclear genes and mt-Cytb genes, respectively.
River dolphins were polyphyletic which was supported not only by this study but by most morphological and molecular studies as well. Figures 1 and 2 show that the river dolphins have two separated lineages: (Lipotidae + (Pontoporiidae + Iniidae)) and Platanistidae. The first lineage was the sister group to Delphinoidea. The monophyly and placement of the first lineage and the arrangement within it were strongly supported by molecular data (Rosel et al. 1995; Messenger & McGuire 1998; Waddell et al. 2000; Yan et al. 2005; May-Collado & Agnarsson 2006) . Platanistidae and Ziphiidae formed a clade which diverged after Physeteroidea in this study as supported by Cassens et al. (2000) . Another position suggested by other studies (Messenger & McGuire 1998; Arnason et al. 2004; Yan et al. 2005; May-Collado & Agnarsson 2006) was that Platanistidae diverged after the divergence of Physeteroidea and Ziphiidae (in this order), and no sister relationship between the latter two. These ambiguous phylogenies and short branches may be partly caused by rapid split in a short time window (Nikaido et al. 2001; Arnason et al. 2004; Yan et al. 2005) . However, in all the phylogenetic trees, Platanistidae was always more basal than other river dolphins, having no sister relationship with them, which suggested two or more shifts to riverine habitats (Arnason & Gullberg 1996; Cassens et al. 2000; Hamilton et al. 2001; Nikaido et al. 2001; Arnason et al. 2004; Yan et al. 2005; May-Collado & Agnarsson 2006) .
Balaenidae and Neobalaenidae
The most basal position of Balaenidae and the arrangement within it were supported by the Bayesian analyses at both nt and aa levels with high PP values (100%). The clade and its position within Mysticeti have been established and confirmed by the previous studies (Arnason et al. 1992; Adegoke et al. 1993; Arnason & Gullberg 1994 Nishida et al. 2007) .
Some morphological analyses placed Neobalaenidae as a sister group to Balaenidae. Some nuclear and mt data analyses showed that Neobalaenidae diverged immediately after the basal divergence of Balaenidae. The latter was strongly supported by the Bayesian analyses in this study, which was shown in Figures 1 and 2 with high PP value (100%).
Eschrichtiidae and Balaenopteridae
The Bayesian analyses at nt and aa levels strongly supported (PP = 100%) the monophyly of Eschrichtiidae + Balaenopteridae and the sister relationship with Neobalaenidae. The analyses also recovered the same four principal lineages with high PP values (100%) as Sasaki et al. (2005) did: (i) lineage I (Antarctic minke and North Atlantic minke whales); (ii) lineage II (fin and humpback whales); (iii) lineage III (blue, Omura's baleen, sei, pygmy Bryde's and Bryde's whales); and lineage IV (gray whale). All the lineages were wellsupported (PP = 100%) as shown in Figures 1 and  2 . However, the relationship among the four lineages still remains ambiguous. There were a lot of debates about the positions of these lineages (Arnason et al. 1991; Arnason & Gullberg 1993 , 1994 Messenger & McGuire 1998; Sasaki et al. 2005) . The nodes joining the lineage I, II and III had relatively low PP values (80% and 82%), which are indicated by arrows (Fig. 1) . As shown in Figure 2 , the support for the node joining lineage II and III was also relatively low (PP = 46%).
In the meantime, the short branches joining the four lineages indicated that the divergence happened in a very short time window, which made the phylogenetic analyses even more difficult. This also explained why the PP values on the nodes joining those short braches were relatively low. The determination of the controversial relationship among these four lineages needs help from independent information, such as nuclear genomes and fossil records.
